Maternal obesity and offspring body composition by indirect methods: a systematic review and meta-analysis Obesidad maternal y composición corporal de los hijos por métodos indirectos: revisión sistemática y metaanálisis
Resumen
Esta revisión evaluó la asociación entre el ín-dice de masa corporal (IMC) 
Introduction
According to observational studies, carried out in high income countries, maternal lifestyle, dietary habits, physical activity and work hours could influence offspring size at birth, and weight development in childhood 1, 2, 3 . Pre-pregnancy and gestational maternal body composition may impact offspring body fat mass at birth, in childhood and in adolescence, and may also predict the risk of obesity in adulthood 4, 5, 6, 7, 8 . The increase in the prevalence of maternal obesity in recent decades 9, 10 has occurred in parallel with the increment of large for gestational age newborns 11, 12, 13 and an increased incidence of childhood obesity 14 . Female offspring of obese women are most likely to be obese predisposing their children to obesity, insulin resistance and diabetes 6, 15, 16 . Several studies have shown that a high increment in maternal gestational weight gain associated with increased offspring body mass index (BMI) 17, 18, 19 whereas other studies have reported no such association 20, 21 . In consequence, across a number of generations a potential intergenerational cycle of increased risk of obesity and metabolic sequelae in the offspring of obese mothers is expected, with important implications for public health policies 4, 11, 12 .
In investigating the relationship of high maternal pre-pregnancy BMI or gestational weight gain and increased offspring body composition at various ages, the majority of studies have employed double indirect methods (bioelectrical impedance and anthropometric measurements) 7, 8, 21, 22 that use a two-component model, dividing body weight into fat mass and fat free mass 23 . Recently indirect measuring methods including air displacement plethysmography (ADP), dual energy X-ray absorptiometry (DEXA), total body water (TBW), and body electrical conductivity (TOBEC) have been introduced to the assessment of body composition. These indirect measuring methods are based on a three-or four-compartment model, providing accurate measurements of body fat, lean mass, bone mass, and TBW 23, 24 .
This review aimed to: (a) identify studies that investigated the relationship between maternal pre-pregnancy BMI and/or gestational weight gain and offspring fat mass, lean mass, fat-free mass, fat mass index, fat free mass index, lean mass index, body fat percent as measured by indirect methods; and (b) calculate a pooled measure of the strength of the association.
Methods
This systematic review included studies published between the beginning of the indexing by databases until August 2015. The reporting guidance included in the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement followed 25 . a) Eligibility criteria: prospective or retrospective cohorts, case-control studies, cross-sectional and randomized controlled trials that evaluated the association between maternal pre-pregnancy BMI and/or gestational weight gain with offspring body composition by indirect methods were eligible for the review. Participants included mother-offspring pairs with the exception of outcomes measured in adolescents and adult populations. Measurements of the outcomes were obtained by DEXA, ADP or TOBEC equipments (indirect methods). b) Search strategy: a search in the electronic MEDLINE, LILACS and SciELO databases and cited references of the select articles was performed. The search was restricted to publications in English, French, Portuguese, Spanish and Italian and original studies in humans. The Medical Subject Headings (MeSH) descriptors used were: "maternal weight, over-nutrition, anthropometry, under-nutrition, body mass index, size, obesity, nutritional status"; OR "prenatal body mass index, obesity, weight, and height"; OR "pre-pregnancy weight, obesity, body mass index"; OR "pregnancy weight gain"; OR "gestational weight gain" combined with "body composition", "body fat", "body fat percentage", "fat mass", "lean mass", "fat mass index", "lean mass index", "fat free mass", "adiposity", "ADP", "TOBEC" and "DEXA". c) Data collection process: the study selection was conducted in duplicate by two independent evaluators in order to screen articles which were stored in EndNote (http://www.endnote.com; Thomson Reuters, USA). The screening stages were: (1) reading study titles for potential inclusion; (2) reading the abstracts of study titles with potential inclusion and selected the full-text articles; (3) full-text articles screening; and (4) assessment of selected articles. Disagreements among the evaluators regarding study eligibility following abstract and full-text review were solved by consensus. The criteria for selecting articles to be fully reviewed included: (1) prospective or retrospective cohort or case-control design; (2) studies with maternal pre-pregnancy BMI and/or gestational weight gain as the main maternal exposures; and (3) studies with at least one of the following outcomes: lean mass, fat mass, fat-free mass, body fat percent, lean mass index (LMI), fat mass index (FMI), and high adiposity in children. d) Data extraction: for data extraction, the two independent evaluators were responsible for collecting primary data from the selected studies, which were stored in Excel (Microsoft Corp., USA). Information related to study characteristics, such as year, city/country, design, inclusion and exclusion criteria, sample size or number of participants, maternal exposure, age of outcome measurement, indirect method of outcome measurement, and analysis adjustment variables was gathered. Outcome data was extracted independently of the type of the measure of effect presented by the authors (mean, relative risk, odd ratio, etc.). Disagreements among the evaluators regarding data items were solved by consensus. e) Risk of bias in individual studies: to assess the quality of the randomized control trials the 27-items Downs and Black scale was employed 26 . 19 items of the original scale were used to assess the quality of observational studies: type of study, hypothesis/aim, outcomes, exposures, participant selection, loss of follow-up, random variability, statistical method, probability values, source population, study sample, bias, data dredging, lengths of follow-up, precision, confounding and power. According to Downs & Black 26 , randomized controlled trials could achieve a score ranging from 0 to 27 points, and the observational studies 0 to 20 points. Study quality was determined by the higher score. f ) Summary measures: for meta-analysis the data extracted included the mean (M), standard deviation (SD) or standard error of the mean (SEM), and the sample size (N) for two groups of women: underweight/normal-weight and overweight/obese, for each continuous outcome (body fat percent, fat mass and fat-free mass). The aggregated effect of pre-pregnancy BMI was estimated by calculating the standardized mean differences. The random-effects model for fatfree mass (because heterogeneity between studies was detected) and the fixed-effects model for body fat percent and fat mass, and the corresponding 95% confidence intervals (95%CI) were estimated. The aggregated results for these seven studies are presented in forest plot graphics. Meta-regression and subgroup analysis were conducted to examine the impact of moderator variables on fat-free mass standardized mean difference (SMD). Subgroup analysis was considered and the subsets were study sample, outcome age measurement, study design, indirect method to outcome measurement and confounding control. Stata version 12.0 (StataCorp LP, College Station, USA) was used for data analyses. g) Risk of bias across studies: statistical heterogeneity among studies was assessed with the Q and I 2 statistics tests. Publication bias was investigated with Begg's funnel plot and was further assessed using the Egger's linear regression test method.
Results
A total of 6,561 articles were initially retrieved: 3,972 duplicate records were removed and 2,589 records screened. Studies on animals, basic sciences, and chronic diseases (n = 2,178) were excluded after a first reading of titles, resulting in 411 abstracts to be analyzed. For 349 abstracts in the review, the exclusion criteria considered were: studies that investigated other distal, intermediate or proximal determinants of offspring's body composition but not maternal prepregnancy BMI or gestational weight gain (n = 72); studies investigating offspring growth patterns using only anthropometric methods (n = 99); studies investigating the feeding patterns of pregnant women, parents and children (n = 75); studies analyzing specific groups of women including mothers with gestational diabetes (n = 62); studies investigating fetal programming (n = 23); validation of body composition by indirect methods (n = 18). Only studies that were clearly irrelevant were excluded at the first stage. The full text of identified articles including those where there were disagreements in the initial title/abstract scanning, were reviewed to ensure that the inclusion criteria were met.
Of the 62 remaining articles, 42 were excluded for the following reasons: studies that investigated maternal exposure after pregnancy (n = 5); outcome evaluated by doubly indirect methods (n = 33); outcome in adulthood (n = 2); maternal height and tricipital skinfold thickness exposures (n = 1); exposure evaluated by indirect methods (n = 1). The cited references of the 20 articles selected were reviewed however no additional publications were found. Figure 1 shows the number of articles retrieved, then excluded at each stage of the review process and the corresponding reasons for their exclusion.
Among the 20 articles that met the inclusion criteria, six included both exposures 6, 27, 28, 29, 30, 31 . The average score of the selected articles was 15.4, with a minimum of 13 and a maximum of 18. Table 1 displays a description of the selected studies: first author's name; city and country where the study was conducted; study design; number (n) of study participants; eligibility criteria; maternal exposures; offspring's age when the outcome was assessed; indirect methods used for assessment of body composition of offspring; and confounding variables used in the statistical analyses according to maternal exposures.
Studies that assessed the effect of maternal pre-pregnancy BMI In 16 of the 20 articles selected, maternal prepregnancy BMI was the main exposure investigated. Ten studies were conducted in the United States 5, 6, 29, 30, 32, 33, 34, 35, 36, 37 , two in the United Kingdom 28, 38 , two in Denmark 32, 39 , one in Australia 27 , one in Brazil 31 , and one in Portugal 40 ( Table 1 ). The number of participants in the cohorts ranged from 78 34 to 3,263 38 . Although these studies applied different inclusion and exclusion criteria, all consistently excluded premature newborns, those with congenital abnormalities, offspring of mothers with a history of pregestational or gestational diabetes, and children with chronic diseases. With the exception of five studies 27, 29, 31, 35, 36 , all other studies included only Caucasian participants.
All studies except for three 28, 30, 37 , stratified maternal pre-pregnancy BMI to establish maternal overweight and/or obesity. Eight studies measured body composition in newborns 5, 6, 27, 29, 32, 33, 37, 40 , whilst all other studies measured body composition in childhood (2-11 years of age). The methods for the assessment of body composition included DEXA in eight studies 28, 30, 32, 34, 35, 36, 38, 39 , ADP in seven 5, 6, 27, 31, 33, 37, 38 and TOBEC in one 29 (Table 2 ).
• Pre-pregnancy BMI and offspring adiposity Table 2 summarizes the main results of the 16 studies reviewed. 13 reported fat mass 5, 6, 29, 30, 31, 32, 33, 34, 35, 37, 38, 39, 40 and two FMI 28, 31 as the primary outcome. In nine studies 5, 28, 29, 31, 32, 33, 34, 35, 38 univariate analyses showed a statistically significant positive association between maternal pre-pregnancy BMI and fat mass in offspring. This association remained significant after adjusting for confounders in six of the studies 28, 29, 31, 32, 34, 38 . The relationship between maternal Offspring: birthweight and mode of infant feeding.
ADP: plethysmography; DEXA: dual-energy X-ray absorptiometry; ICU: intensive care unit; TOBEC: total body electrical conductivity.
* Birth weight > 3 rd and 97 th percentiles for gestational age and gender).
Note: rate of gestational weight gain in mid-pregnancy or in late-pregnancy (kg per week).
pre-pregnancy BMI and body fat mass in children was assessed in 13 studies 5, 6, 27, 29, 31, 32, 33, 34, 35, 36, 37, 39, 40 and a positive association was reported only following univariate analyses in six studies 5, 29, 31, 32, 33, 34 . Eight studies included in the meta-analysis 5, 6, 27, 29, 31, 32, 33, 39 assessed body fat percent and fat mass in infants in the first months of life to six years of age. The SMD between infants of normal weight women and those of overweight or obese women before pregnancy were relatively small: 0.31 (95%CI: 0.23; 0.39) and 0.38 (95%CI: 0.30; 0.46) for body fat percent and fat mass, respectively (I 2 = 28% and 18.5%; and p value for test of heterogeneity of 0.21 and 0.29, respectively) ( Figure 2 ).
Begg's funnel plots and Egger's publication bias plots were used to assess the potential publication bias for body fat percent and fat mass. No publication bias was detected by Egger's test (p-value = 0.49 for body fat percent and p-value = 0.60 for fat mass).
• Maternal pre-pregnancy BMI and offspring lean mass or fat-free mass
The relationship of maternal pre-pregnancy BMI with lean mass 34, 38 , fat-free mass 5, 6, 28, 29, 31, 32, 33, 39 , fat-free mass percent 36 and LMI 28, 31 was assessed in 11 studies (Table 2) . Four studies reported a statistically significant positive association following a univariate analysis 28, 31, 34, 38 and two studies 31, 36 after adjusted analysis. In contrast, Gale et al. 28 reported a significant positive association between pre-pregnancy BMI and LMI in only male offspring and this was no longer significant following adjusted analysis. Furthermore, Hull et al. 5 reported an inverse association. In the aggregate measure analysis, SMD in fat-free mass between children of normal weight women and those of overweight or obese women was significant: 0.21 (95%CI: 0.02; 0.40), I 2 = 84.9%, test for heterogeneity p-value = 0.000 ( Figure 2) . No publication bias was detected by Egger's test, p-value = 0.12 for fat-free mass. In relation to SMD in fat-free mass aggregated analyses, heterogeneity was detected in the visu- Table 2 Maternal pre-pregnacy body mass index (BMI) and offspring body composition in childhood. al inspection of the forest plot of studies included in the review, a finding that was supported by statistical evidence. Seeking for causes in the studies' descriptions, although the eligibility criteria in the seven studies were similar, there was heterogeneity due to variation in the study sample (< 100, ≥ 100) and in outcome age measurement (< 1 week and ≥ 1 week). Methodological heterogeneity was detected at study design (prospective cohort and randomized controlled trial), indirect method to outcome measurement (TOBEC, ADP and DEXA) and at confounding control (crude Standardized mean differences in infant body composition by mother pre-pregnancy body mass index (BMI) group, 2015.
Note: weight are from random effects analysis.
95%CI: 95% confidence interval; SMD: standard mean difference (%).
and adjusted analysis). The joint test for all five covariates provided a p-value = 0.63, indicating no evidence for an association of at least one of the covariates with the size of the pre-pregnancy effect on offspring fat-free mass. A high residual heterogeneity was maintained in the subgroup analyses with an exception of outcome age measurement: SMD = 0.12 (95%CI: -0.03; 0.27), I 2 = 0.00% in studies with < 1 week outcome age measurement and SMD = 0.27 (95%CI: -0.03; 0.57), I 2 = 91.2% in studies with outcome age measurement ≥ 1 week. In summary, whilst some studies report a positive association between maternal pre-pregnancy BMI and the body fat of children, the outcomes have been variably assessed in terms of body fat percent, fat mass or FMI. Therefore it is clear that the majority of studies assessed the relationship between pre-pregnancy BMI and the offspring's body composition in terms of childhood adiposity rather than the fat-free component.
Studies that assessed the effect of gestational weight gain
Ten studies assessed the relationship between gestational weight gain and offspring body composition 6, 27, 28, 29, 30, 31, 41, 42, 43, 44 Four studies 31, 41, 42, 44 assessed gestational weight gain according to pre-pregnancy BMI and divided it into categories as recommended by the Institute of Medicine of the U.S. National Academy of Sciences 45 . Sewell et al. 29 applied a pre-pregnancy BMI cut-off ≥ 25kg/m 2 . Seven studies assessed gestational weight gain as a continuous variable 6, 27, 28, 30, 31, 37, 42 . Six studies measured body composition in newborns 6, 27, 29, 41, 42, 44 , one in children under a year in age 43 and five in children from 3-10 years of age 28, 30, 31, 42, 43 .
• Maternal gestational weight gain and offspring adiposity
The relationship between gestational weight gain and body fat percent was evaluated in seven studies 6, 27, 29, 31, 37, 41, 44 , fat mass in nine 6, 29, 32, 36, 37, 39, 40, 41, 43 , and FMI in two 28, 31 (Table  3) . Five studies reported a statistically significant positive effect of gestational weight gain on body fat percent in univariate analysis 6, 29, 31, 41, 44 and three studies 27, 31, 37 reported a positive effect between gestational weight gain and body fat percent in the multivariate analysis. In addition, a significant direct association between gestational weight gain and fat mass was found following univariate analysis in four studies 6, 31, 41, 42 .
• Maternal gestational weight gain and offspring lean mass or fat-free mass
The relationship of maternal gestational weight gain and fat-free mass was evaluated in seven studies 6, 31, 37, 41, 42, 43, 44 and between maternal gestational weight gain and LMI or FFMI (fat free mass index) in two 28, 31 (Table 3) . A positive effect of gestational weight gain on fat-free mass was reported in six studies 6, 29, 31, 41, 42, 44 , and this association was statistically significant in three of them 6, 29, 31 . Gale et al. 28 however reported an inverse association of gestational weight gain on LMI. The crude analyses of the studies that categorized gestational weight gain according to maternal pre-pregnancy BMI showed that children of overweight or obese mothers, with an adequate or excessive gestational weight gain were more likely to have a high fat mass 6, 29, 31, 41, 42, 43 , body fat percent 6, 29, 31, 41, 44 , and FFMI 28,31 compared to newborns of mothers with normal maternal pre-pregnancy BMI with adequate or excessive weight gain (Table 3) .
Discussion
This review suggests that children born from mothers with normal maternal pre-pregnancy BMI have lower fat mass and body fat percent than those born from overweight or obese mothers 27, 28, 31, 32, 34, 35, 36, 37, 40 . The aggregate measure estimated a significantly small difference in mean fat mass and body fat percent in the first months of life between children of overweight or obese mothers and those from mothers with normal maternal pre-pregnancy BMI. The visual inspection of the forest plot showed that effect size and direction of associations described by Hull et al. 5 and Tanvig et al. 39 are clearly different. In fact the sample size of the studies can explain such a discrepancy, since both studies have less than 100 participants. There was a significant difference in terms of fat-free mass; random-effects model of meta-analysis shows a significant association of maternal pre-pregnancy BMI and offspring fat mass, body fat percent and fat-free mass. The databases included studies conducted in high and middle income countries, so the meta-analysis lacks information from low income countries populations. An aggregate analysis of gestational weight gain and fat mass, body fat percent or fatfree mass could not be performed.
There are few studies investigating the effect of maternal pre-pregnancy BMI or gestational weight gain on children's body composition as measured by indirect methods. Consequently, Table 3 Maternal gestational weight gain and offspring body composition in childhood.
Author
Maternal exposure Offspring outcome Crude analyses Adjusted analyses
Studies that assessed body fat percent
Hull et al. 6 Gestational weight gain ( only 20 articles met the inclusion criteria for this review, of which ten assessed the maternal prepregnancy BMI, four the gestational weight gain and six both exposures. No studies with negative results were found. Therefore, publication bias can be present 46 . In addition, studies assessing children's body composition by indirect methods conducted in low-income countries were not found in the literature search. Several methodological aspects of the studies reviewed require consideration. Firstly, four studies used pre-pregnancy BMI or gestational weight gain information as determined by maternal weight data from medical records. Two studies used maternal weight measurements and four studies relied upon self-reported maternal weight information allowing for recall bias. Indeed, studies that evaluated the accuracy of selfreported maternal weight found that women underestimated their own weight 47 which may result in a miscalculation of pre-pregnancy BMI or gestational weight gain and biased categori- Crozier et al. 42 Gestational Henriksson et al. 44 Gestational weight gain Henriksson et al. 44 Gestational zation of pregnant women, indicating exposure bias 46, 48 . Secondly, the recent publication period of the 20 articles (between 2005 and 2015) is probably due to the outcomes definition employed. Previously validated studies of DEXA and ADP are available in the literature from 1980 to 1990, respectively. These are however, costly equipment that require operation by trained personnel and constant maintenance.
Thirdly, a lack of homogeneity in maternal pre-pregnancy BMI categorization in two or more groups using different cutoffs was found in the literature search 5, 6, 27, 29, 32, 33, 35, 39, 40 . Lack of definition of cutoff points 34, 38 was also observed. These may have unpredictably underestimated or overestimated the effect of maternal pre-pregnancy BMI and gestational weight gain on offspring body composition.
Fourth, confounding variables showed a wide heterogeneity. Child's age, gender and breastfeeding were not investigated as potential effect modifiers, and some studies included these variables in the multivariate analysis. A single study included an analysis stratified by gender 28 and two others investigated current children's weight as an effect modifier 28, 34 .
Fifth, few studies included socioeconomic characteristics as confounding variables in the adjusted analysis. However, the effect of environmental factors was present in the four studies that adjusted for family income, education level, race, and maternal smoking during pregnancy 31, 34, 35, 38 strengthening the association (negative confounding) 49 . The history of maternal smoking during pregnancy was considered in the adjusted analysis of eight studies 28, 29, 31, 32, 35, 38, 42, 44 . The maternal smoking during pregnancy is a well-known cause of growth restriction and low birth-weight and recent studies also suggested that pre-natal smoking compromises infant growth 2, 21, 49 . The mechanism underlying this association is unknown. Some speculate that this association may result from confounding. Mothers who smoke during pregnancy may provide a different social environment for the offspring than mothers who do not smoke 21, 42 .
On the other hand, the inclusion of current child characteristics such as height, weight, conditional weight gain or birth weight as confounding variables seems to be inappropriate 28, 34, 35, 36, 38 . These variables would more likely have a mediating rather than a confounding effect on the relationship between pre-pregnancy BMI and gestational weight gain with offspring body composition 48, 50 .
Different studies have reported a positive association between maternal pre-pregnancy BMI and the weight of children born at full term 11, 13, 29 . Since the first study on the relationship between children's body composition and maternal pre-pregnancy BMI or gestational weight gain as the exposure published in 2001 7 , evidence shows that the incidence of newborns weighing more than 4,000g at birth increases as pre-pregnancy BMI shifts from normal to obesity 51 . Due to the availability of indirect methods for body composition the fat mass and fat-free mass arose as new components of birth weight. Studies 5, 6, 29 have reported that in full-term newborns, fat-free mass accounts for 70-87% of the variation in birth weight. In the relationship of pre-pregnancy BMI with children's body composition born at full-term to overweight/ obese mothers, fat-free mass accounts for 61-75% variation on birth weight while it accounts for 74-89% variation in those who are born from mothers with normal pre-pregnancy BMI 5, 6, 29 . Thus, an increase in birth weight that is associated with maternal pre-pregnancy BMI may be primarily attributed to an increase in FM rather than fat-free mass 29 .
Gale et al. 28 and Castillo et al. 31 were the studies that provided data on FMI, FFMI and LMI. Children can have different percentages of fat mass due to different absolute amounts of fat mass but equivalent amounts of fat-free mass or different absolute amounts of fat-free mass and same amounts of fat mass. Because of these relations the normalization of fat mass and lean mass measures for squared height (kg/m²) is recommended to improve the sensitivity to detect changes in body composition measurements 23 .
Fetal over-nutrition hypothesis is one mechanism that has been suggested to explain the relationship between maternal pre-pregnancy BMI and gestational body composition and offspring body composition. So the relationship between maternal gestational obesity and offspring obesity could be explained by the effect of the exposure to high maternal plasma glucose, free fatty acid and amino acids concentration during pregnancy carrying lifelong changes in fetal appetite, neuroendocrine function or energy metabolism and an increased risk for metabolic and cardiovascular diseases after birth 1, 4 .
Studies on intergenerational heritability with family members suggest a role of genetic factors in determining individual differences in adiposity 52 . Therefore, a variant of the fat mass and obesity associated gene in homozygous individuals appears to increase the risk of obesity, when compared to individuals without the allele. The same is seen for fat mass in children 53 . Lawlor et al. 38 investigated the effect of pre-pregnancy BMI on adiposity in children aged 9-11 years and found that the effect of maternal pre-pregnancy BMI and of the fat mass and obesity associated gene on children FM lost statistical significance after adjusting for child's fat mass and obesity associated as an instrumental variable. The mechanisms involved in the association of the fat mass and obesity associated gene and the high adiposity are still unclear.
From a perspective of disease prevention and health promotion, maternal obesity is a potentially preventable cause to reduce the disease and mortality burden in childhood. Yet prenatal counseling should be cautious when advising overweight or obese women to optimize their weight before pregnancy. McDonald et al. 49 argued that maternal overweight/obesity may have a beneficial effect on the survival of children born with low birth weight in low-income countries despite the increased risk of preterm birth in this group.
To our knowledge, this is the first review investigating children's body composition assessed by indirect methods associated with maternal pre-pregnancy BMI and gestational weight gain and highlights the importance of new studies with appropriate methodology. Given the small number of publications with a number of methodological limitations found in this systematic review and meta-analysis, further investigations are required to evidence causality criteria and to strengthen the association between BMI and gestational weight gain and children's body composition. Therefore, fetal growth monitoring during pregnancy with the assessment of pre-gestational and gestational maternal body composition (by other more accurate methods than maternal weight) are required as well as the use of maternal and children's genetic instrumental variables. 
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